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1. Introduction

Sound propagating in the atmosphere is affected by many processes (wind, turbulence, terrain
shape, etc.) that change the magnitude and phase of a source’s signal as it travels to a receiver.
Amongst these processes, the impedance of the ground is often important (1). The ground varies
from acoustically hard surfaces, such as asphalt and hard packed soil, to acoustically soft
surfaces, such as snow (2, 3). These extremes in impedance have vastly different effects on the
amplitude and phase of a ground-reflected wave. Thus, knowledge of the acoustic impedance of
the ground is important in obtaining an overall picture of the environment through which sound
IS propagating.

As part of an ongoing urban acoustics study (4), the ground impedance at the Blossom Point
Research Facility (BPRF) has been characterized using the method prescribed in American
National Standards Institute (ANSI) S1.18-1999: Template Method for Ground Impedance (5),
which will be henceforth referred to here as the Template Method. Several methods exist for the
measurement/deduction of the specific acoustic ground impedance (6-8), the ratio of the surface
pressure to the average particle velocity of the fluid directed at the ground surface, but the
Template Method was chosen for its ease of use (5, 9).

The following section describes the experimental configurations used over three surfaces at
BPRF. Section 3 presents level difference spectra for each of the surfaces superimposed on
calculated level difference spectra. In addition, the third section offers qualitative comparisons
between the measurements and calculations. Concluding remarks appear in the fourth section.

2. Experimental Configuration

In the Template Method, a point source is positioned a short distance from two microphones
separated in height perpendicularly above the ground. This allows the difference in sound level
between the microphones to be measured. Using this level difference spectrum, the acoustic
impedance of the ground can be deduced by comparing the measurement with calculated level
differences. The Template Method describes three different geometries (A, B, and C), listed in
table 1, that are used to measure level difference spectra above ground surfaces. Figure 1 shows
a drawing of the experimental configuration. Each geometry has been designated in the
Template Method for its potential performance on a given soil type: geometry A tends to cover
the largest frequency range; geometry B may produce best results over hard grounds at
frequencies greater than 1 kHz; and geometry C is, perhaps, best used over soft grounds for
frequencies below 1 kHz. All geometries were used during experiments over grass and asphalt.
Only geometries A and B were used over gravel. The lack of geometry C in the gravel



measurement is due to the revised standard in which geometry C has been removed in favor of
the more general geometries A and B. ARL provided a worked example of the revised Template
Method over gravel to the ANSI ground impedance measurement working group.

Table 1. Geometries specified in the Template Method (2).

Geometry | Source Height: hy | Top Microphone | Bottom Microphone Source/Microphone
(cm) Height: h; (cm) Height: h, (cm) Horizontal Separation (m)
A 325 46 23 1.75
B 20 20 5 1
C 40 40 5 1
pipe-driver

! ! microphones
source : |
)

hs !
hy :
l l : Air

Ground

Figure 1. Drawing of experimental configuration.

The source used for this work was a pressure driver coupled to a pipe of 0.5 m length and

3.175 cm diameter. This pipe-driver combination can be approximated as a point source to a
frequency of nearly 2.7 kHz. However, because the pipe is 50 cm in length, there is potential for
reflections from the face of the driver at the highest operating frequencies. These reflections
tend to degrade the point-source performance of the pipe-driver system and, thus, alter the
experimental results when they are compared to level differences calculated assuming spherical
waves. Microphones used were half-inch pressure field microphones. The source waveform
used in all instances was white noise that was band-limited from 150 Hz to 2.7 kHz.
Microphone data were collected using a data acquisition computer sampling at 10 kilo-samples
per second. Recorded microphone data were also filtered from 150 Hz to 2.7 kHz. During
grassland and asphalt experiments, 60 s of data were collected for each of five sub-sites on each
surface. During gravel experiments 30 s of data were collected for each of four sub-sites. In
post-processing, recorded data were separated into one-second blocks with one third overlap
between blocks. Each block was Hanning windowed, Fourier transformed, and all blocks were
magnitude averaged for each ground type. During each experiment wind speeds and air
temperatures were monitored; wind speeds remained less than the 2.5 m/s called for in the
Template Method and measured temperatures were used in calculations during the analysis of
the results. Temperatures during the measurements over grass and asphalt were roughly 16 °C
and over gravel were 17 °C. Throughout the asphalt measurements, the surface of the asphalt



was dry. The soil below the grass was damp but not saturated. The gravel was saturated; pools
of standing water were in the vicinity of the measurement area. Reference 2 contains further
information regarding the experimental configuration.

3. Results and Analysis

Template spectra that appear in the following analysis are obtained by calculating the spherical
wave reflection coefficient with either a one-parameter or a two-parameter model inserted to
describe the impedance of the ground. The one-parameter model, attributed to Delany and
Bazley (10), is an empirically derived model for the impedance of hard-backed thin layers of
absorbing materials. When normalized by the density of air and the speed of sound in air (po and
Co at 20 °C and 1 atm, respectively), the one-parameter model appears in the Template Method,
separated into its real and imaginary parts, as

Re(Z, / pyC,) =1+9.08(1000f / o, ) °7°

1
IM(Z, / p,C,) =11.9(1000f / &y ) °7 @

where f is the frequency in Hz, and o represents the effective flow resistivity of the ground in
Pa-s/m? (5, 10). A second model, using two adjustable parameters to describe the impedance of
the ground is attributed to Attenborough (11). The specific acoustic impedance ratio described
by the two-parameter model appears in the Template Method, again after separation into real and
imaginary parts, as
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O
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where, v is the ratio of specific heats in air, . represents the effective flow resistivity of the

ground in Pa-s/m?, and o, represents the rate of change of porosity with depth in units of m (5,
11).

The following six figures present measured and calculated level differences based on the
templates provided in the Template Method. Numbers beside the black curves in each template
represent the value of the effective flow resistivity used in calculating the ground impedance.
The effective flow resistivity is a parameter of the soil and, in all figures, has units of 10°
Pa-s/m®. Results over grassland appear in figures 2 and 3, where the measured level differences
have been superimposed over the templates designated by ANSI S1.18-1999. Figures 4 and 5
show measured level differences over asphalt superimposed on the templates. Figures 6 and 7
depict level difference as measured on a gravel road superimposed on the templates. Even



numbered figures show measured level differences superimposed on one-parameter model
templates, and odd numbered figures show the same measured level differences superimposed on
two-parameter model templates. In each of the six figures, error bars of + one standard deviation
have been placed at approximately third-octave center frequencies along the measured curves.
Visual comparison between the templates and the measured level differences is used as a starting
place for nonlinear least squares, fitting of the ground impedance models listed in the Template
Method to the measured data.

ok 'Temp‘latcllA' P ' (a) i ok 'Tempiatc 1'B 1l | (b)

Level Difference (dB)
Level Difference (dB)

250 1000 4000 250 1000 4000
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Level Difference (dB)

250 1000 4000
Frequency (Hz)

Figure 2. Grassland data (blue) superimposed over 1-parameter model templates (black).
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Figure 3. Grassland data superimposed over 2-parameter model templates (colors as in figure 2).
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Figure 3. Grassland data superimposed over 2-parameter model templates (colors as in figure 2) (continued).
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Figure 4. Asphalt road data superimposed over 1-parameter model templates (colors as in figure 2).
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Figure 5. Asphalt road data superimposed over 2-parameter model templates (colors as in figure 2).
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Figure 5. Asphalt road data superimposed over 2-parameter model templates (colors as in figure 2) (continued).
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Figure 6. Gravel road data superimposed over 1-parameter model templates (colors as in figure 2).
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Figure 7. Gravel road data superimposed over 2-parameter model templates (colors as in figure 2).
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Figure 7. Gravel road data superimposed over 2-parameter model templates (colors as in figure 2)
(continued).

Inspection of figures 2 and 3 shows that, over grass, Templates 1C with ot = 50x10° Pa-s/m?,
and 2C with ae = 3 and o, = 32x10° Pa-s/m?, show the closest fit to the average level difference
curve. The claim of closest fit is based predominantly on the frequency positions of the minima
in the curve rather than on the overall fit between the measured and calculated curves. Recall
that theses inspections serve as a starting place for more involved numerical fitting. Similar
inspections of figures 4 and 5 show that Templates 1C with o = 320x10° Pa-s/m?, and 2C with
e = 100x10° Pa-s/m? and for all o, fit well with the level difference obtained over asphalt.
Repeating the procedure on the gravel level difference, as in figures 6 and 7, shows that none of
the Templates exhibits a particularly good fit. These qualitative findings are reinforced if the
procedures laid out in reference 5 are followed, where the cumulative errors between level
differences calculated using equation 1 or 2 and measured level differences are found from the
following expression:

AL, — ALaJ @)

(e}

=3

In equation 3, AL, is the calculated level difference, AL, is an average measured level difference,
and o is the standard deviation of the averaged measurements. Note that to obtain the cumulative
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error, E, the difference between the calculated and measured level differences normalized by the
standard deviation of the measurement must be summed over all frequencies. In appendix A,
tables A-1 and A-2 show the results of using equation 3 to compute the cumulative error between
each of the one-parameter model templates and the measured level differences. Table A-3 shows
the cumulative errors computed between each of the two-parameter model templates and the
measured level differences. All of the cumulative errors are on the order of 10° or larger. This
might be expected, even in cases where the calculated curves closely match the measurements,
because the standard deviation of the measurements was often very small at many frequencies.

In order to obtain values for ces, Ge, and ae, equations 1 and 2 were used in nonlinear least
squares fitting of the measured level difference spectra (12). Results of the fit routines appear in
figures 8 through 10, where the fit was performed over the portion of the data from 250 to

2500 Hz in an attempt to minimize potential errors at the highest frequencies due to the length of
the pipe. In each of the figures, measurements are in blue with error bars at approximate third-
octave center frequencies, level difference fits based on equation 1 are in green, and level
difference fits based upon equation 2 are in red. Fit values of e in equation 1, and e and o, in
equation 2, are shown in green and red, respectively. Cumulative errors, calculated by equation
3, due to each fit are shown in the same colors. It should be noted that the 1-parameter level
difference fit to level difference curves, using all geometries, over gravel and asphalt are
particularly poor (figures 9 and 10). Further, the large negative values of oe—on the order of 10°
1/m—tend to make the two-parameter fit suspect even though the curves appear to agree well
with the measurements. This difficulty in fitting calculated level differences to measured level
differences over such acoustically hard surfaces as asphalt and gravel is not unexpected. The
application of the Template Method to these surfaces is not valid, as their impedances approach
the upper limit of either impedance model. Thus, asphalt and gravel, in the case of BPRF,
should be considered rigid. The one- and two-parameter fits to the level differences over grass,
however, are much more reasonable (figures 8a through 8c). While the cumulative errors are
large in the comparison to templates, values for et and o, are reasonable when compared to
ranges listed in appendix B of the Template Method, where o can range from 40-300 x10°
Pa's/m?, and o, can range from 30-400 x10° Pa-s/m? for various grass covered surfaces with
varying moisture content (5). The negative values of ae are unexpected, but are reasonable
considering that BPRF is part of the floodplain of the Potomac River and the Nanjemoy Creek.
Thus, the soil may have a large concentration of river silt. That silt content, coupled with the
regular mowing of the grassland where the measurement occurred and the aerated top layer (due
to root growth), could lead to a more porous layer above a lower less porous layer.

12
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Figure 8. Non-linear least squares fit to level differences measured over grassland (blue) using one- (green) and
two-parameter (red) ground impedance models. Geometry A is (a), geometry B is (b), and geometry C
is (). Fit parameters and cumulative errors are shown in the same colors as their respective models.
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Figure 9. Non-linear least squares fit to level differences measured over asphalt using one- and two-parameter
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4. Conclusions

As part of a study of sound propagation in the vicinity of an isolated building, the acoustic
ground impedances of several surfaces—qgrass, asphalt, and gravel road—at BPRF have been
deduced from measurements of level difference spectra. These spectra were measured using the
procedures put forth in ANSI S1.18-1999: Template Method for Ground Impedance. The flow
resistivity values obtained for the grass surface agree with published results, while rate of change
of porosity with depth, ae, tends to be much lower than that reported in the Template Method.
The negative values of o, are likely explained by the soil composition at BPRF. Future acoustic
research at BPRF should treat the parameters reported herein as a guide only. Ground
impedance can vary significantly from site to site, and can vary significantly according to the
meteorological and soil conditions present at the time of the measurement.
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Appendix A. Tables of Cumulative Errors

d from using equation 3 when

Ine

Tables in this appendix list the cumulative errors obta
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No. of
Copies

1
ELEC

1CD

Organization

ADMNSTR

DEFNS TECHL INFO CTR

ATTN DTIC OCP

8725 JOHN J KINGMAN RD STE 0944
FT BELVOIR VA 22060-6218

OFC OF THE SECY OF DEFNS
ATTN ODDRE (R&AT)

THE PENTAGON
WASHINGTON DC 20301-3080

US ARMY RSRCH DEV AND ENGRG
CMND

ARMAMENT RSRCH DEV & ENGRG
CTR

ARMAMENT ENGRG & TECHNLGY
CTR

ATTN AMSRD AAR AEFT J MATTS
BLDG 305

ABERDEEN PROVING GROUND MD
21005-5001

PM TIMS, PROFILER (MMS-P)
AN/TMQ-52

ATTN B GRIFFIES
BUILDING 563

FT MONMOUTH NJ 07703

US ARMY INFO SYS ENGRG CMND
ATTN AMSEL IETD A RIVERA
FT HUACHUCA AZ 85613-5300

COMMANDER

US ARMY RDECOM

ATTN AMSRD AMR

W C MCCORKLE

5400 FOWLER RD

REDSTONE ARSENAL AL 35898-5000

US GOVERNMENT PRINT OFF
DEPOSITORY RECEIVING SECTION
ATTN MAIL STOP IDAD J TATE
732 NORTH CAPITOL ST NW
WASHINGTON DC 20402

US ARMY RSRCH LAB

ATTN RDRLCIM G T LANDFRIED
BLDG 4600

ABERDEEN PROVING GROUND MD
21005-5066

18

No. of
Copies

1

18

Organization

DIRECTOR

US ARMY RSRCH LAB

ATTN RDRL ROEV W D BACH
PO BOX 12211

RESEARCH TRIANGLE PARK NC
27709

US ARMY RSRCH LAB
ATTN IMNE ALC HRR

MAIL & RECORDS MGMT

ATTN RDRL CIES JM NOBLE

(5 HCS)

ATTN RDRL CIES M COLEMAN
(5 HCS)

ATTN RDRL CIES W ALBERTS II
(5 HCS)

ATTN RDRL CIM L TECHL LIB
ATTN RDRL CIM P TECHL PUB
ADELPHI MD 20783-1197

TOTAL: 27 (L ELEC, 1 CD, 25 HCS)



